IMPORTANCE Neuronal and axonal destruction are hallmarks of neurodegenerative diseases, but it is difficult to estimate the extent and progress of the damage in the disease process.
N eurodegenerative diseases are frequent in Western populations, and approximately 5.5 million Americans have Alzheimer disease (AD), which is the most common type of dementia. Beside AD, there are many other neurodegenerative diseases; some result in dementia, such as frontotemporal dementia (FTD) and dementia with Lewy bodies (DLB); some in parkinsonian symptoms with and without dementia, such as Parkinson disease (PD); and others in motor neuron disease, such as amyotrophic lateral sclerosis (ALS).
In the later stages, neurodegenerative diseases are relatively easy to diagnose. However, early on, it is a diagnostic challenge to separate 1 form from another. Biomarkers are an invaluable help in the diagnoses of diseases in other clinical specialties (eg, troponin T in myocardial infarction). 1 In the neurodegenerative field, the most examined and best validated biomarkers so far are cerebrospinal fluid (CSF) β-amyloid 42, total tau (T-tau), and phosphorylated tau (P-tau), 2 all of which are used clinically in the diagnosis of AD. However, for other forms of neurodegenerative diseases, such as FTD or DLB, there are no specific CSF or blood biomarkers. Neurofilaments are neuronal-specific intermediate filaments that determine the axonal caliber, which in turn partly determines the conduction velocity along the axon. 3 Neurofilaments are composed of the neurofilament light protein (NFL) in addition to the medium and heavy protein counterparts. 3 Neurofilament light protein is released into the CSF during axonal damage and has been shown to be elevated in different forms of dementia and ALS. 2, 4, 5 To date and to our knowledge, studies of NFL have been fairly small, covered a limited set of diagnoses, or relied on clinical diagnoses only. 6 Thus, the usefulness of CSF NFL in understanding neurodegenerative disease is unclear. To address this, we analyzed NFL levels in CSF from a cohort of individuals who either had different forms of neurodegenerative diseases or were control participants. Furthermore, a number of these also had neuropathologically verified diagnoses, allowing for the evaluation of NFL levels against both clinical criteria and definite diagnoses.
Methods

Participants
This study included patients with clinical diagnoses of neurodegenerative disorders. Eligible individuals were those with mild cognitive impairment (MCI), AD, posterior cortical atrophy, FTD (including the behavioral variant of FTD, the logopenic variant of primary progressive aphasia [PPA] , nonfluent/ agrammatic PPA, and the semantic form of PPA), ALS, vascular dementia, Parkinson disease with normal cognition (PD), PD with MCI, Parkinson disease dementia (PDD), DLB, corticobasal syndrome (CBS), and progressive supranuclear palsy (PSP). The study also included control participants with no cognitive decline, whose participation came via 2 means: cognitively intact individuals were followed up to autopsy, and individuals died at the University of Pennsylvania Hospital and their family members participated in a retrospective interview assessing their cognitive status.
At University of Pennsylvania, the Alzheimer Disease Core Center, Penn Memory Center, the Penn Frontotemporal Degeneration Center, Penn Comprehensive ALS Center, the Parkinson Disease and Movement Disorder Center, and the Morris K. Udall Parkinson's Disease Research Center of Excellence each have protocols approved by the institutional review board to recruit patients, along with their clinical data, into research studies. In addition, these centers invite patients to participate in the brain donation program. Written informed consent had been obtained for all patients using a protocol approved by the institutional review board of the University of Pennsylvania.
Recruitment of the patients and diagnostic criteria for the groups have been described in detail previously. [7] [8] [9] The neuropathological data are ordinal ratings (ie, 0-3) obtained at neuropathological examination at time of autopsy using National Institute on Aging-Alzheimer's Association criteria 10 and have been described elsewhere. 8, 11 The MMSE scores were analyzed every 6 months in most patients. Because some patients had very short follow-up times, only patients that had at least 2 years of followup MMSE data were included in calculations of the annual loss in MMSE scores to avoid spurious test-retest variation in scores obtained in close time proximity.
CSF Measurements
The collection, processing, and storage procedures for CSF samples have been described previously. 12 In this study, CSF levels of β-amyloid 42, T-tau, and P-tau were measured using the multiplex xMAP Luminex platform (Luminex Corp) with the INNOBIA AlzBio3 kit (Fujirebio), as described previously.
12
The CSF NFL concentrations were analyzed by an inhouse enzyme-linked immunoabsorbent assay method. 13 In short, 2 NFL mouse monoclonal antibodies (NFL21 and NFL23) were generated. Immunoprecipitation and Western blot analysis showed that they only recognized a single band in CSF samples corresponding to full-length NFL. In the enzymelinked immunoabsorbent assay, NFL21 was used as the capture antibody and NFL23 as the detector, while purified bo-
Key Points
Question Is cerebrospinal fluid neurofilament light (CSF NFL) a general marker of neurodegeneration, and is it associated with disease progression?
Findings In this study, there was a stepwise increase in CSF NFL protein concentration between control participants, participants with mild cognitive impairment, and those with Alzheimer disease, and a correlation with annual decreases in Mini-Mental State Examination scores in individuals with Alzheimer disease, frontotemporal dementia, and the cohort overall. Levels of CSF NFL were higher in patients with all forms of dementia, with the highest levels in frontotemporal dementia, amyotrophic lateral sclerosis, and atypical parkinsonian disorders.
Meaning Concentration of CSF NFL is a general marker of neurodegeneration and is associated with cognitive decline in Alzheimer disease and frontotemporal dementia; the most pronounced alterations are seen in frontotemporal dementia, amyotrophic lateral sclerosis, and atypical parkinsonian disorders.
vine NFL was used as the calibrator (range, 39-5000 pg/mL). This test had no cross-reactivity with neurofilament medium protein or neurofilament heavy protein. Internal quality control samples were run on each plate, showing within-run and between-run coefficients of variation of less than 8% and less than 13%, respectively.
Statistical Analysis
Because biomarker values were nonnormally distributed, the nonparametric Kruskal-Wallis test and the post hoc pairwise Mann-Whitney U tests were used to assess differences between groups. Correction for multiple comparisons was made with the Benjamini-Hochberg procedure. Associations between NFL and T-tau, NFL and the Mini-Mental State Examination (MMSE) score, and between NFL and transactive response DNA binding protein (TDP)-43 pathology were calculated using Spearman rank correlation (ρ), again with correction for multiple comparisons. The NFL values were adjusted for both age and sex prior to analysis of group differences and correlations. The additional value provided by including NFL in a diagnostic biomarker panel was analyzed by fitting a logistic regression classifier to distinguish between each pair of disorders. The increase in model performance achieved by adding NFL levels to a baseline model that included only β-amyloid 42, T-tau, and P-tau was calculated. To evaluate model performance, we performed 5-fold cross validations with classification accuracy as the performance metric. The crossvalidation groups were stratified such that each group contained roughly the same proportion of disorder membership as were found in the overall population. We report a robust estimate of model performance calculated by repeating the cross-validation procedure 100 times and calculating the mean of the classification accuracy over all 100 runs.
Statistical analyses were performed using the R programming language (version 3.4.3; R Foundation for Statistical Computing), while the biomarker index model was developed using Python 3.6 (Python Software Foundation). All tests were 2-sided, and the significance threshold was set at P < .05.
Results
In addition to 75 healthy control participants, this study in- (Table) .
There was only 1 patient diagnosed with vascular dementia and 6 patients diagnosed with posterior cortical atrophy. A total of 120 of 845 patients (14.2%) had autopsyverified diagnoses, of whom 75 of 120 patients (62.5%) had had AD, 12 patients (10.0%) had had frontotemporal lobar degeneration with TDP-43, 16 patients (13.3%) had had DLB, 6 patients (5.0%) had had PSP, 7 patients (5.8%) had had ALS, 3 patients (2.5%) had had CBD, and 1 patient (0.8%) had been a healthy control participant.
The CSF levels of NFL were significantly increased in participants with MCI compared with control participants (median difference, 216.9 [95% CI, 117.9-321.5] pg/mL; P < .001) and even further increased in participants with AD compared with control participants (median difference, 406.6 [95% CI, 325.6-486.7] pg/mL; P < .001; Figure 1A) . Furthermore, compared with the levels in control participants, NFL levels were significantly elevated in participants with other forms of dementia, including FTD (median difference, 1193. Figure 1B) .
Frontotemporal dementia is a pathologically heterogeneous entity that includes several similar disorders in which progressive degeneration of the frontal and temporal lobes is common.
14, 15 On the basis of clinical phenotypes, we divided the FTD group into the subgroups of the behavioral variant of FTD and PPA; the second was further divided into nonfluent/ agrammatic PPA, the logopenic variant of PPA, and the semantic form of PPA. 14 Because the logopenic variant of PPA is associated with AD pathology, 16,17 we moved the individuals from this subgroup to the AD group rather than the FTD group when comparing different forms of dementia. However, the only significant difference was between the logopenic variant and semantic form of PPA, with higher NFL levels in the semantic form (median difference, 1114.7 [95% CI, 207.2-1687.2] pg/ mL; P = .02).
In parkinsonian disorders, we found that multiple groups had significantly higher levels of NFL than control participants, including those with PD (median difference, 149. 4 Figure 2 ).
To estimate the importance of NFL in separating different neurodegenerative disorders from each other and controls, we created a biomarker index based on β-amyloid 42, T-tau, and P-tau. Next, we added NFL and compared the accuracy with or without it. We found that NFL significantly increased the logistic regression model's ability to discriminate between numerous pairs of disorders. Generally, NFL increased accuracy of discrimination between ALS and most forms of neurodegenerative disorders. Notably, the inclusion of NFL led to a 29% (95% CI, 25.0%-33.3%) increase in accuracy in distinguishing between control participants and ALS (from 62% to 91%), a 17% (95% CI, 14.9%-19.5%) increase between control participants and the behavioral variant of FTD (from 63% to 81%), and a 14% (95% CI, 8.7%-19.1%) increase between PD and PSP (from 62% to 76%; eTable 1 in the Supplement).
In the 120 patients with autopsy-confirmed neuropathological data, who were diagnosed according to definite criteria, we found that patients with frontotemporal lobar degen- Figure 3) . Also, patients with ALS had significantly higher levels of NFL than patients with AD (median difference, 2851.9 [95% CI, 866.9-5976.3] pg/ mL; P = .003) and DLB (median difference, 2989.0 [95% CI, 982.7-6198.4] pg/mL; P = .01; Figure 3 ). There was no significant difference between NFL levels in autopsy-verified cases of ALS compared with cases of frontotemporal lobar degeneration (median difference, 1179.8 [ 95% CI, −1231.8 to 4623.1] pg/mL; P = .50; Figure 3 ). Because we found the highest levels of NFL in participants with ALS and FTD, we correlated CSF levels of NFL with TDP-43 load in 17 brain regions in the 60 patients on whom data were available. We found positive, statistically significant correlations between CSF levels of NFL and TDP-43 load in 13 of 17 brain regions (76.4%; eTable 2 in the Supplement).
We correlated baseline MMSE scores with CSF levels of NFL in all patients who had MMSE data available (n = 822) and found a significant negative correlation (ρ = −0.19, P < .001). We correlated the magnitude of annual loss in MMSE with CSF levels of NFL and found a significant positive correlation (ρ = 0.25; P < .002; Figure 4A ) in patients with AD (n = 219) but not in patients with MCI (n = 53; ρ = 0.15; P = .29) or control participants (n = 58; ρ = 0.02, P = .91). A positive correlation between the magnitude of annual MMSE score loss and NFL was also found in patients with FTD (n = 40; ρ = 0.46; P = .003; Figure 4B ). The NFL levels were positively correlated with the magnitude of annual MMSE score loss in individuals in the full cohort, pooled across disorders, with MMSE follow-up of at least 2 years (n = 449; ρ = 0.36, P < .001; Figure 4C ). The graph omits outlier data points (neurofilament light levels >5000 pg/mL) for 1 participant with progressive supranuclear palsy, 2 with corticobasal degeneration, 1 with dementia with Lewy bodies, 1 with Parkinson disease, 1 with Parkinson disease with mild cognitive impairment, and 1 control participant.
Research Original Investigation
We were able to obtain longitudinal scores for the Montreal Cognitive Assessment (MoCA) and Dementia Rating Scale (DRS) cognitive tests for 85 individuals with Parkinson disease. There was a significant association between NFL levels and baseline MoCA scores (ρ = −0.33, P = .004) but not between NFL levels and mean change per year in MoCA scores (ρ=−0.1,P = .40). Additionally, we found that there was an association between NFL levels and DRS scores at baseline (ρ=−0.24;P = .03) and a significant association between NFL and mean change per year in DRS scores (ρ = −0.25, P = .03).
Both NFL and T-tau are neuronal markers, and CSF levels of NFL and T-tau correlated in several of the groups: control participants (ρ = 0.33; P = .005), participants with MCI (ρ=0.27;P = .004), participants with AD (ρ = 0.32; P < .001), participants with ALS (ρ = 0.30; P = .02), participants with the behavioral variant of FTD (ρ = 0.32; P = .04), participants with DLB (ρ = 0.58; P = .004), participants with PD with MCI (ρ = 0.55; P = .02), and participants with the semantic form of PPA (ρ = 0.62; P = .02). However, the 2 neuronal markers were not correlated in participants with PD, PDD, CBS, the logopenic variant of PPA, nonfluent/agrammatic PPA, or PSP.
Discussion
In this analysis, CSF NFL levels were elevated in a stepwise manner, with the lowest levels in control participants, significantly higher levels in participants with MCI, and even higher levels in participants with AD. Although the highest levels were observed in participants with ALS and the second-highest levels in participants with FTD, NFL concentrations were also elevated in participants with PDD, DLB, CBS, and PSP compared with control participants. These results are in agreement with earlier studies, 6, [18] [19] [20] but to our knowledge, this is the first time all these diseases are compared with each other in a single cohort in the same study. It is interesting that CSF NFL levels rose with increasing cognitive impairments as reflected by higher levels in participants with AD and intermediary levels in participants with MCI and lowest in control participants. This was further supported by the negative correlation between baseline MMSE scores and NFL levels, indicating that NFL concentrations increase with cognitive decline. This was also reflected in the positive correlation between NFL levels and the magnitude of annual loss in MMSE scores in the groups with AD and FTD, separately and when the entire cohort was used, but not in participants with MCI or control participants. For participants with PD, we also observed a significant negative correlation between baseline MoCA scores and CSF levels of NFL. Likewise, there were negative correlations between CSF NFL and baseline DRS scores and CSF NFL and annual change in DRS scores, further supporting that NFL is linked to cognitive decline in neurodegenerative disorders. The highest levels of NFL were observed in participants with ALS. This is not surprising, since the longest axons in the body are found in motor neurons, which are destroyed in ALS. 21 Furthermore, ALS is not generally associated with overt dementia, although it has been suggested that up to a third of individuals with ALS may have concurrent FTD 22,23 and, as expected, there was no correlation between annual MMSE score loss and NFL levels in these patients. These data are in agreement with previous studies in which increased levels of NFL in CSF have been observed in individuals with ALS. 4 We found higher levels of NFL in patients with FTD compared with patients with AD when clinical criteria were used to diagnose the patients, confirming previous studies. 22 We could also confirm that this was true using autopsyconfirmed diagnoses, which has never been demonstrated before to our knowledge. We found the highest levels of NFL in the semantic form of PPA among the subtypes of FTD, and they were significantly increased compared with the logopenic variant of PPA. Similar findings have previously been observed.
23,24
However, we found no other significant differences between patients with other subtypes of FTD. Interestingly, the NFL levels in patients with ALS were significantly higher than in patients with FTD using clinical criteria. The same trend was observed using autopsy-confirmed diagnoses. This did not, however, reach significance, which was likely owing to the relatively low number of patients in each group. The CSF levels of NFL were significantly increased in participants with PD, PDD, DLB, CBS, and PSP compared with control participants, whereas CSF NFL was not increased in participants with PD with MCI. The highest levels of NFL in participants with parkinsonian disorders were observed in those with clinical PSP, followed by those with CBS, supporting previous findings.
18,19 However, CSF levels of NFL were not correlated with the magnitude of annual MMSE score loss in participants with any of the parkinsonian disorders. This may suggest that NFL levels in these disorders are associated with disease-specific neurodegenerative events, rather than with impaired cognition. Alternatively, MMSE scores may be a less sensitive measure of cognitive change in individuals with parkinsonian disorders. Supporting this is the finding of significant correlations between CSF NFL levels and baseline MoCA scores, baseline DRS scores, and mean change per year in DRS scores in patients with PD. The CSF levels of NFL correlated with CSF levels of tau in many diagnostic categories but not in all. This is important; otherwise, no additional information would be given by the 2 markers. The usefulness of NFL levels in separating individuals with different forms of neurodegeneration from each other and control participants was also demonstrated by using a biomarker index consisting of β-amyloid 42, T-tau, and P-tau, with or without the addition of NFL. Measuring NFL greatly improved the separation between many forms of neurodegeneration from each other and control participants. It especially separated patients with ALS from patients with other forms of neurodegeneration and control participants and patients with the behavioral variant of FTD from control participants. It also greatly increased the separation of patients with PD from those with PSP. The positive correlation between NFL levels and severity of TDP-43 load in most brain regions further supports the usefulness of NFL measurement in correctly diagnosing ALS and FTD, since both are linked to TDP-43 inclusions.
Limitations
The study has a number of limitations that should be acknowledged. First, the sample size in some subgroups is small, and the risk of false-positive statistical test results warrants replication of the findings. Another limitation is the reliance on Alzheimer disease biomarkers and clinical measures for crossdisease comparisons. The reason for this is simply that biomarkers for the other diseases are lacking. Finally, the MMSE score is not a strong indicator of disease severity for FTD. However, that was the only measure of cognition available in all of the patients with FTD in the study.
Conclusions
In conclusion, NFL is a general marker of neurodegeneration for neurodegenerative diseases across the board. The level of NFL in CSF is associated with progressive cognitive dysfunction in patients with AD and FTD and may have an important role in the clinical workup of patients with cognitive symptoms, to identify, grade, or exclude ongoing neurodegeneration and prognosticate disease progression in AD and FTD.
